We mapped global changes in miRNA and mRNA profiles spanning the first wave of spermatogenesis using prepubertal (Postnatal Day 8 [P8]), pubertal (P16), and adolescent (P24) Mus musculus testes and identified the differential expression of 67 miRNAs and 8226 mRNAs. These two data sets were integrated into miRNA-dependent regulatory networks based on miRWalk predictions. In a network representing the P8 to P16 transition, downregulation of four miRNAs and upregulation of 19 miRNAs were linked with 81 upregulated target mRNAs and 228 downregulated target mRNAs, respectively. Furthermore, during the P16 to P24 transition, two miRNAs were downregulated, and eight miRNAs were upregulated, which linked with 64 upregulated mRNAs and 389 downregulated mRNAs, respectively. Only three of the miRNAs present in the network (miR-34b-5p, miR-34c, and miR-449a) showed a progressive increase from P8 through P16 to P24, while the remaining miRNAs in the network showed statistically significant changes in their levels either during the P8 to P16 transition or during the P16 to P24 transition. Analysis of the chromosomal location of these differentially expressed miRNAs showed that 14 out of 25 miRNAs upregulated from P8 to P16, and 18 out of 40 miRNAs upregulated from P8 to P24 were X-linked. This is suggestive of their escape from meiotic sex chromosome inactivation and postmeiotic sex chromatin. This integrated network of miRNAlevel and mRNA-level changes in mouse testis during the first wave of spermatogenesis is expected to build a base for evaluating the role of miRNA-mediated gene expression regulation in maturing mammalian testis.
INTRODUCTION
Male germ cell differentiation is a complex and highly regulated process. It is controlled by molecular networks, both within and between germ cells and surrounding somatic cells. Hormones and growth factors direct successful colonization of the primordial germ cells on the genital ridge during embryonic development and their differentiation through successive stages postnatally to generate mature spermatozoa [1] [2] [3] . The differentiation of primordial germ cells is regulated at different stages by transcription factors [4, 5] , signaling molecules [6] [7] [8] , and epigenetic elements [9] . The miRNAs constitute an integral part of the posttranscription regulatory network that governs variable gene expression underlying male germ cell differentiation [10] . They are differentially expressed during normal mammalian spermatogenesis [11] [12] [13] [14] [15] [16] [17] and in spermatogenic dysfunction in human [18, 19] . It was reported that the mouse miRNAs miR-221, miR-203, and miR-34b-5p were specific for spermatogonial stem cells, premeiotic cells, and meiotic cells, respectively [20] . The miR-34c showed testis-specific expression and was predominant in cells at the late stages of meiosis (pachytene spermatocytes and spermatids) [21] . Functional redundancy of miR-449a and miR-34b/c in murine testis during spermatogenesis was also reported [22] . The miR-146 has been implicated in blocking retinoic acid-induced differentiation by targeting Med1 [23] . Furthermore, the miR-221/ 222 cluster on the X chromosome is reported to have a role in the maintenance of undifferentiated spermatogonia by targeting Kit mRNA [24] . Conditional deletion of Dicer-1, one of the key enzymes in the miRNA biogenesis machinery, in early postnatal germ cells was found to impair haploid cell differentiation, leading to disrupted spermatogenesis in mice [25] [26] [27] . Depletion of Dicer-1 at the prospermatogonia stage (E15) in mice resulted in severe abnormalities in round spermatids and spermatozoa, suggesting a cumulative effect of the loss of Dicer-1 on spermatogenesis [28] . Similarly, conditional knockouts of Drosha, the nuclear RNase III enzyme that cleaves primary miRNAs into precursor miRNAs, displayed more severe spermatogenic cell depletion, affecting meiotic and haploid cells [29] . In Ago4 knockout mice, the spermatogonia initiated meiosis early due to premature induction of retinoic acid response genes. This was associated with the disruption of meiotic sex chromosome inactivation (MSCI) and the loss of several miRNAs, predominantly those from the X chromosome, implicating small RNA pathways in the initiation and progression of meiosis [30] . The miRNA repertoire of Sertoli cells is also important for successful culmination of spermatogenic events in mouse testis [31, 32] .
The transcriptome and miRNA content of murine testis and the changes in their expression levels during the time course of spermatogenic progression have been analyzed through various global profiling studies using a wide range of high-throughput techniques. These include microarray analysis of the transcriptome of mouse testis during postnatal development and of purified testicular cells [33] , as well as whole-testis transcriptome analysis of mice aged 6 days, 4 wk, and 10 wk using the SOLiD system (Life Technologies) [34] and the differential gene expression pattern through the first wave of spermatogenesis in mouse testis at Postnatal Day 7 (P7), P14, P17, P21, and P28 using the SOLiD system [35] . In a similar line, microarray analysis identified the differential expression of 19 miRNAs between immature (7 days) and mature (7 wk) mouse testes [14] . Small RNA cloning investigations identified 141 miRNAs in mouse testis and further validated their expression in 15 mouse tissues, including maturing testis and spermatogenic cells [13] . A differential abundance pattern of miRNAs and their editing patterns in postnatal testes in mice have been addressed using Illumina-Solexa sequencing (Illumina Inc.) [12] .
Despite significant insights into both global miRNA and mRNA profiles, as well as pathway-specific studies on individual miRNA and target gene molecules, there is a lack of understanding regarding the operation of miRNA-mRNA networks in the context of the initiation and maintenance of mammalian spermatogenesis. The first wave of spermatogenesis in mammalian testis gives a unique opportunity to map such networks during the initial events marking the first appearance and relative abundance of new types of differentiating spermatogenic cells and their regulatory circuits. In the present study, we generated the differential expression profiles of miRNAs and mRNAs in Mus musculus testis during the progression of the first wave of spermatogenesis. We have also integrated them into miRNA-mRNA networks to highlight the possible significance of a group of miRNAs and their respective downstream target mRNAs in regulating the initiation of spermatogenesis in mouse testis.
MATERIALS AND METHODS

Experimental Animals
Male Swiss albino mice were obtained from an inbred line maintained in the institute animal house facility at Rajiv Gandhi Centre for Biotechnology. Animals were reared in a temperature-controlled (26 6 18C) and humiditycontrolled environment under 14L:10D conditions. Animals were killed on P8, P16, and P24 and were subjected to investigations as described below. The use of experimental animals for this study was approved by the Institutional Animal Ethics Committee (permit IAEC/78/PRK/2008) at Rajiv Gandhi Centre for Biotechnology.
Common Reagents
Common reagents were used. These included the following: hematoxylin (BDH Chemicals Ltd.); glycerol, methanol, and H 2 O 2 (Qualigens); formaldehyde solution (NICE Chemicals Pvt. Ltd.); glacial acetic acid (S. D. Fine Chemicals Ltd.); xylene (Merck); paraffin (Himedia Laboratories Pvt. Ltd.); ethanol (Jiangsu Huaxi International Trade Co. Ltd.); diethylpyrocarbonate (DEPC), Tris-HCl, Tris base, SDS, dithiothreitol (DTT), glycine, Tween 20, and diaminobenzidine (DAB) (Sigma); NiCl 2 (Spectrum Chemicals); Hybond-P polyvinylidene fluoride (PVDF) membrane (GE Healthcare); and agarose (Lonza).
Antibodies
The first primary antibody used was anti-SCP3 (synaptonemal complex protein, rabbit polyclonal) (ab15093; Abcam). This rabbit antiserum was raised against a peptide mapping at the C-terminus of human, and it stains two bands at approximately 30 kDa on Western blot. A second primary antibody used was beta actin (goat polyclonal) (Actin [I-19] sc-1616; Santa Cruz Biotechnology). This goat antiserum was raised against a peptide mapping at the C-terminus of actin of human origin, and it stains a single band at 43 kDa on Western blot. Secondary antibodies used were goat anti-rabbit IgG-horseradish peroxidase (HRP) and donkey anti-goat IgG-HRP; the goat antiserum (sc-2004) and the donkey antiserum (sc-2020) were raised against whole-rabbit IgG and wholegoat IgG, respectively, and conjugated to HRP (Santa Cruz Biotechnology).
Hematoxylin Staining
Hematoxylin staining of mouse testis sections was done to determine the stage of spermatogenesis with respect to the age of the animal. Animals were killed by CO 2 asphyxiation; the testis was dissected out and fixed overnight in modified Davidson fluid (30% formaldehyde, 15% ethanol, and 5% glacial acetic acid in distilled water). The tissues were dehydrated in ethanol, cleared in xylene, and embedded in paraffin. The 5-lm-thick microtomed sections were deparaffinized in xylene, stained for 10 min in Harris hematoxylin solution, dipped in acid-alcohol, and washed in running tap water. After clearing in absolute alcohol and xylene, the tissue was mounted in 50% glycerol-water solution and imaged on an Eclipse E200 microscope (Nikon) equipped with an Evolution MP 5.0 cooled camera kit (Media Cybernetics) and Image-Pro Plus 6.2 software (Media Cybernetics).
Western Blot
Testes from mice were dissected out into PBS (13, 137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 PO 4 , and 1.8 mM KH 2 PO 4 [pH 7.4]), and the tunica albuginea was removed. After removal of blood vessels, the tissue was disrupted by sonication (15-l amplitude, three cycles of 15 sec each) in extraction medium containing 175 mM Tris-HCl, 5% SDS, 15% glycerol, 0.3 M DTT (5 ml per 1 g of tissue), and a protease inhibitor cocktail tablet (Roche Diagnostics India Pvt. Ltd.). The lysate was clarified by centrifugation at 48C at 12 000 3 g, and the supernatant was collected as the protein sample. The protein samples were resolved on a 12% polyacrylamide gel at a constant voltage of 120 V using a PowerPac HC (Bio-Rad), followed by electrophoretic transfer for 2 h at a constant current of 175 mA in a Mini Trans-Blot cell (Bio-Rad) to a PVDF membrane in the presence of 20% methanol, 25 mM Tris, and 190 mM glycine (pH 8.3). Mouse beta actin was used as a loading control. The membrane was blocked using 5% milk (for SCP3) or 3% gelatin (for beta actin) in PBS containing 0.1% Tween 20 (PBST). After three washes in PBST, the membranes were incubated for 2 h in 1:1000 dilutions of anti-SCP3 (in 3% milk in PBST) or anti-beta actin (in PBST) at room temperature. Membranes were washed and incubated for 1 h in PBST containing 1:2000 dilutions of HRP-conjugated secondary antibody and finally developed by incubation in a solution containing 0.1% NiCl 2 , 0.05% DAB, and H 2 O 2 .
RNA Extraction
Testes were dissected out, cleaned in DEPC-treated water, and weighed. The RNA extraction was done using the miRNeasy kit (Qiagen) following the manufacturer's protocol. Briefly, tissue was homogenized in QIAzol lysis buffer (Qiagen), followed by the addition of chloroform, and the aqueous supernatant was collected after centrifugation. Following passage through the RNeasy Mini column (Qiagen) and subsequent ethanol washes, total RNA was collected in RNase-free water. Quality of the extracted total RNA was assessed using agarose gel electrophoresis, UV NanoDrop 1000 (Thermo Scientific), and Bioanalyzer 2100 profile (Agilent Technologies, Inc.), and only those preparations that showed an RNA integrity number (RIN) value of 9.0 or higher were subjected to further analysis.
miRNA Microarray
Two biological replicates per age group were taken for the experiment. A principal components analysis (PCA) was performed to measure statistical closeness between biological replicates.
One microgram of total RNA each from sample and reference was labeled with Hy3 and Hy5 fluorescent labels, respectively, using a miRCURY LNA array Hy3/Hy5 power labeling kit (Exiqon) following the procedure described by the manufacturer. The Hy3-labeled samples and a Hy5-labeled reference RNA sample were mixed pairwise and hybridized to the miRCURY LNA array version 11.0 (Exiqon) containing capture probes targeting all miRNAs for human, mouse, or rat (miRBASE version 13.0; Exiqon). Hybridization was performed according to the miRCURY LNA array manual using an HS4800 hybridization station (Tecan). The miRCURY LNA array microarray slides were scanned using the G2565BA microarray scanner system (Agilent Technologies, Inc.), and image analysis was carried out using the ImaGene 8.0 software (BioDiscovery Inc.). The data were normalized using percentile normalization. Differentially expressed miRNAs with a fold change of 2.0 or higher between two periods were identified using a volcano plot, and an unpaired Student t-test was used for P value calculation (P , 0.05).
Whole-Transcriptome Microarray Analysis
Three biological replicates per age group were taken for the experiment. Total RNA prepared as detailed earlier, with a RIN value of 9.0 or higher, was SREE ET AL. subjected to hybridization on a GeneChip Gene 1.0 ST array (Affymetrix, Inc., iLife Discoveries). The array contained 28 853 well-annotated genes based on the February 2006 mouse genome sequence (University of California, Santa Cruz mm8, National Center for Biotechnology Information build 36). Statistical analysis of the raw data was done using the robust multichip average algorithm in GeneSpring GX 12.0 software (Agilent Technologies, Inc.). Out of the total probe sets present on the chip, 21 615 could be considered for further analysis after normalization. The PCA was done to estimate the statistical closeness between biological replicates. Analysis of differential gene expression between two periods was performed using a volcano plot and an unpaired Student t-test for P value calculation (P , 0.05). Transcripts with a fold change of 1.5 or higher were considered. This was followed by hierarchical clustering based on average linkage of the genes among the three periods.
RT-PCR Analysis
Microarray expression patterns of Cdh11, Notch1, Fbxl20, Sycp1, Sycp3, and Ldhc mRNAs were validated by RT-PCR analysis using two biological replicates. Total RNA was converted to cDNA using a first-strand cDNA synthesis kit (GE Healthcare) following the manufacturer's instructions. The PCR was done in a total 22 ll of standard reaction mixture containing the respective forward and reverse primers (final concentration of 1 lM; Sigma) for specific genes (sequences of primers are listed in Table 1 ). The PCR conditions were 948C for 2 min, followed by 35 cycles of 948C for 30 sec, 588C for 45 sec, 728C for 1.5 min, and then a final 10-min extension at 728C. The expression level of the mouse beta actin gene was used as an internal control. The PCR products were run on 1% agarose-Tris-borate-edetic acid gel.
Real-Time PCR Analysis
The miRNAs mmu-miR-34b, miR-34c, miR-449a, and miR-322 were taken for validation of microarray results using quantitative RT-PCR (qPCR). Total RNA was converted to cDNA using an NCode miRNA first-strand cDNA synthesis kit (Invitrogen, Life Technologies) following the manufacturer's instructions. Primers used in the real-time PCR are listed in Table 1 . The PCR for specific miRNAs was done using a universal reverse primer (200 nM) provided with the kit and a miRNA sequence-specific forward primer (Table 1) (200 nM; Sigma) in a total 10-ll reaction in an ABI 7900 HT sequence detection system (Applied Biosystems) under standard qPCR temperature conditions. Expression levels of 5S rRNA were used as an internal control. Three biological replicates, each with three technical triplicates and with appropriate controls, including no template controls and no reverse transcription controls, were analyzed.
Statistical analysis of the differential expression of miRNAs between the three age groups was done. A two-tailed Student t-test on averaged change in threshold cycle values of the miRNAs was used.
miRNA-mRNA Network Integration
The microarray expression values for differentially displayed miRNAs and mRNA transcripts were imported into Cytoscape version 2.8.3 (Cytoscape Consortium) [36] to generate and visualize functional networks. A list of mRNAs that are predicted targets of the differentially displayed miRNAs was created from the differentially displayed mRNAs data set. Targets predicted by at least five of the eight algorithms (RNA22, miRanda, miRDB, TargetScan, RNAhybrid, PITA, PICTAR, and DIANA-microT) based on 3 0 untranslated region interaction compiled in the miRWalk database (www.umm. uni-heidelberg.de/apps/zmf/mirwalk/) [37] were used for the miRNA-mRNA relationship analysis. A nonredundant list of miRNA and its targets for each period was created as a database, and regulatory networks of differentially expressed miRNA and its target mRNAs were modeled in Cytoscape. Subnetworks were derived for further analysis by taking only those interactions that showed mutual interdependence (miRNAs upregulated and its predicted target mRNA downregulated or miRNA downregulated and its target upregulated) with qualifying statistical parameters (P 0.05 by Student ttest and a fold change of 2.0 or higher in either direction). Interactions were excluded when mRNA fold changes were marginal or less than 1.5. We also excluded miRNA and mRNA levels changing in the same direction from the subclustering.
RESULTS
Staging of Spermatogenesis
Hematoxylin-stained paraffin sections of the testis from P8, P16, and P24 are shown in Figure 1 , a-f. Histological examination indicated that the germ cells in P8 testis constituted only premeiotic cells, while P16 testis showed the appearance of differentiating spermatogonia (marked with solid black arrows). Testis from P24 mouse showed the presence of round spermatids (marked with white arrows), confirming that the first wave of meiosis has set in. To verify the period of spermatogenic progression, the presence or absence of meiotic cell populations in these samples was assessed by Western blot with anti-SCP3, a known meiotic cell marker [38] . The SCP3 signal was present on Western blot of P16 and P24 testes, while it was absent in P8 testis (Fig. 1g) .
miRNA Profiling in Mouse Testis During the First Wave of Spermatogenesis
The miRNA profiles of P8, P16, and P24 testes were analyzed using the miRCURY LNA array (version 11.0). Microarray results were deposited at the Gene Expression Omnibus (GEO) database (accession number GSE41859). The samples were clustered, and the relative levels of miRNAs were expressed as log2 (Hy3:Hy5) ratios. Only those miRNAs whose expression levels corresponded to a fold change of 2.0 or higher with P 0.05 between two given periods were taken for further analysis. This yielded a set of 67 miRNAs exhibiting differential expression (Fig. 2) . This included 25 miRNAs that were upregulated from P8 to P16 and 10 miRNAs that were upregulated from P16 to P24. Four miRNAs (miR-34b-5p, miR-34c, miR-34c*, and miR-449a) were common in these two categories of upregulated miRNAs. The remaining differentially displayed sets of miRNAs appeared as unique sets changing their levels in two distinct waves. On the other hand, six miRNAs (miR-290-3p, miR-711, miR-714, miR-762, miR-21*, and miR-770-3p) were downregulated during the P8 to P16 transition, while two miRNAs (miR-335-5p and miR-376a) were downregulated during the P16 to P24 transition. A comparison of P8 testis with P24 testis 
Notch1
CCCACTGTGAACTGCCCTAT CCACATCATACTGGCACAGG
Fbxl20
TCCTAGCTCTGGATGGCAGT AGGGATGCATCGGTGATTAG
Sycp3
GAAATCTGGGAAGCCACCTT ATTTGCCATCTCTTGCTGCT
Ldhc
CTGTGGTCGGAGTTGGAAAT GTGTGTCCGCACTCTTCTTG
Sycp1
GCTCGAAGCATTGAATGTGA CCTCTGAAACCAGGCTCAAG a Provided by the manufacturer (Invitrogen, Life Technologies) as part of the NCode miRNA first-strand cDNA synthesis kit.
miRNA-mRNA NETWORKS IN MOUSE SPERMATOGENESIS yielded 40 upregulated miRNAs and 27 downregulated miRNAs. These results are summarized in Table 2 . Expression-level changes of a few of these miRNAs were validated by real-time qPCR (Fig. 3) . These included miR-34c, miR-34b, and miR-449a, which showed respective fold increases of 9.29, 14.34, and 6.1 from P8 to P16, and miR-322, which showed a 1.79-fold reduction in expression level from P8 to P16. Furthermore, during the transition from P16 to P24, the levels of miR-34c, miR-34b, and miR449a increased by 5.06-fold, 5.19-fold, and 4.08-fold, respectively, and that of miR-322 decreased by 1.35-fold. The qRT-PCR analysis confirmed the observed changes in their levels as interpreted from the microarray profiles of these miRNAs between the three periods.
mRNA Profiling in Mouse Testis During the First Wave of Spermatogenesis
A whole-transcriptome microarray of total testicular cDNA from P8, P16, and P24 mice was performed. Results were deposited to the GEO database (accession number GSE41859). Of the 21 615 transcripts, 8226 had a fold change of 1.5 or FIG. 1. a-f ) Hematoxylin staining of testis sections from P8, P16, and P24 mice. Spermatogonia are marked with solid black arrows. Round spermatids visible in P24 testis are marked with white arrows. Original magnification 3400 (a-c) and 31000 (d-f). g) Western blot of SCP3, a meiotic cell marker, in total testicular lysate from P8, P16, and P24 mice. The SCP3 expression was absent in P8 testis lysate, while P16 and P24 testes lysates were positive for SCP3 expression. Beta actin was used as an endogenous control. Mature mouse testicular protein was taken as a positive control. Kidney and spleen proteins were taken as negative controls.
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FIG. 2.
Heat map representing two-way hierarchical clustering of 67 differentially expressed miRNAs. The miRNA clustering tree is shown on the left side. Rows represent mouse miRNAs, and columns represent testis samples of P8, P16, and P24 mice (two biological replicates per age group). The cluster scale shown at the bottom depicts the expression level of the miRNA across all samples: red represents expression above the mean, and green represents expression below the mean. Significant changes in expression levels from high to low and vice versa can be seen as distinct blocks across samples for different miRNAs.
miRNA-mRNA NETWORKS IN MOUSE SPERMATOGENESIS
higher. The clustering results are represented in the form of a dendrogram (Fig. 4) . Results of the differential display gene expression analysis comparing P16 with P8, P24 with P16, and P24 with P8 are summarized in Table 2 .
Microarray expression patterns of a few of these mRNAs were validated by RT-PCR, selecting three downregulated genes (Cdh11, Notch1, and Fbxl20) and three upregulated genes (Sycp1, Sycp3, and Ldhc1) from the list of differentially displayed genes (Fig. 5) . The RT-PCR analysis confirmed the microarray profile of these mRNAs between the three periods.
Construction of miRNA-mRNA Networks in Mouse Testis During the First Wave of Spermatogenesis
We consolidated the two microarray data sets by assigning qualifying attributes (fold change !2.0 for miRNAs and fold change !1.5 for target mRNAs, P 0.05 for the differences in their levels and the expected inverse relationship in miRNAmRNA levels) and generated miRNA-mRNA networks. This comprised a network of upregulated miRNAs linked with downregulated mRNAs and a network of downregulated miRNAs linked with upregulated mRNAs in the successive stages of testicular development.
The maturation of a P8 testis to a P16 testis brought in an upregulation of 19 miRNAs linked with 228 downregulated target mRNAs and downregulation of four miRNAs linked with 81 upregulated mRNAs (Fig. 6, A and B) . Further transition from P16 to P24 was associated with upregulation of eight miRNAs predicted to target 389 mRNAs in total and downregulation of two miRNAs linked with 64 upregulated mRNAs (Fig. 6, C and D) . Similar analysis involving P8 and P24 testes showed 27 upregulated miRNAs and 20 downregulated miRNAs linked with 1846 and 689 target mRNAs, respectively.
DISCUSSION
The miRNA microarray profiling of P8, P16, and P24 mouse testes detected the differential expression of 67 miRNAs during the onset of the first wave of spermatogenesis. Among them, 25 miRNAs were upregulated, and six miRNAs were downregulated during the P8 to P16 transition. Furthermore, 10 miRNAs were upregulated, and two miRNAs were downregulated during the P16 to P24 transition. Analysis of the chromosomal location of these differentially expressed miRNAs showed that 14 out of 25 miRNAs upregulated from P8 to P16, and 18 out of 40 miRNAs upregulated from P8 to P24 were X-linked. This is suggestive of their escape from MSCI and postmeiotic sex chromatin. Song et al. [39] had previously reported that 86% of 72 X-linked miRNAs evaded the process of MSCI in mouse spermatocytes. The miR-201, miR-471, miR-547, miR-880, miR-883a-3p, and miR-743a are some common members present in the list by Song et al. and on our list of upregulated X-linked miRNAs.
The miRNA expression profile obtained was used to extract possible target mRNAs from a list of 8226 transcripts that showed at least 1.5-fold changes in the levels of their differential expression in our experiment. This yielded two sets of miRNA-mRNA networks. The first set was of molecules with expected negative relationships (upregulated miRNA linked with downregulated predicted target mRNAs and vice versa) (Fig. 6 and Supplemental Table S1 ; all Supplemental Data are available online at www.biolreprod. org). The second set had molecules displaying correlative 40 (27) 4618 (1846) 27 (20) 3217 (689) a Values in parentheses indicate the numbers of molecules constituting the respective networks.
FIG. 3.
Real-time PCR analysis of levels of select miRNAs. The relative expression levels of mmu-miR-34b, miR-34c, miR-449a, and miR-322 were evaluated. Elevated expression was seen for miR-34b and miR-34c between P8 and P16 and P16 and P24 and for miR-449a between P8 and P24, supporting the miRNA microarray data. Downregulation of miR-322 from P8 to P24 was also in support of the microarray data. The 5S rRNA was taken as an endogenous control. Values are the mean 6 SD of the observations from three biological replicates. Two-tailed Student t-tests were performed. * P , 0.05, ** P , 0.01.
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positive relationships (upregulated miRNA with upregulated predicted targets and downregulated miRNA with downregulated predicted targets). Thus, the maturation of mouse testis from P8 to P16 was associated with downregulation of six miRNAs, out of which four fitted in the network (mmu-miR-290-3p, mmu-miR-711, mmu-miR-714, and mmu-miR-762).
The progressive maturation of the testis to P24 was associated with downregulation of two miRNAs (mmu-miR-335-5p and mmu-miR-376a), and both fitted in the network. On the other hand, 19 out of 25 miRNAs that were upregulated during the P8 to P16 transition were part of the network. Similarly, eight out of 10 miRNAs that were upregulated during the P16 to P24 transition were also members of the network. Four miRNAs (miR-34b-5p, miR-34c, miR-34c*, and miR-449a) showed a progressive increase from P8 through P16 to P24, among which three miRNAs (miR-34b-5p, miR-34c, and miR-449a) were part of the network. Furthermore, a large fraction of miRNAs that were upregulated during these two periods (11 out of 24) were X-linked. It is quite likely that these miRNAs might have escaped MSCI or that such miRNAs participated in the establishment of MSCI, as has been hypothesized [39, 40] . Some of the miRNA molecules forming these networks have already been identified for their roles during differentiation events of spermatogenesis. These include the miR-34 cluster [22] , miR-741 [39] , miR-547 [12, 39] , and miR-471 [39] in the upregulated class of miRNAs. The hsa-mir-34b*, hsa-mir-34b, hsa-mir-34c-5p, hsa-mir-449a, and hsa-mir-449b* were involved in apoptosis, cell proliferation, and differentiation, and their targets were linked with spermatogenesis [19] . The downregulated class of miRNAs on our list includes miR-290-3p, miR-711, and miR-762. The miR-290-3p is a member of an embryonic stem cell-specific cluster [41] known to be highly expressed in primordial germ cells and spermatogonia [42] . The remaining miRNAs in our network have not been previously linked with testis-specific functions, and their possible role in regulating spermatogenesis needs to be evaluated.
During the initial phase of spermatogenesis, spermatogonial stem cells undergo self-renewal and produce daughter cells that proceed to differentiate [43, 44] . Transition from a premeiotic proliferative phase to an active meiotic phase involves suppression of mitosis-promoting factors and activation of those causing meiosis [45] . In this context, in light of the miRNAs forming the networks, the observed upregulation of miR-204 and miR-124 appeared to be relevant, considering their known tumor suppressor functions [46, 47] . Furthermore, the expression of proapoptotic miRNAs (miR-204, miR-34a, and miR-34c) [48] [49] [50] were elevated, coinciding with the period when germ cells underwent the second wave of massive apoptosis in mouse testis at approximately P10 to P13 [51] .
Our list of differentially displayed miRNAs and mRNAs also had several miRNA-mRNA pairs that did not fit into the network due to their failure to qualify the condition of inverse relationship (the miRNAs and their predicted targets having expression levels in opposite directions) set for network building (Supplementary Table S2 ). The prominent candidates in this class include Spata4 (approximately 62-fold upregulation during the P8 to P16 transition) and Lrrc18 (approximately 15-fold upregulation during the P16 to P24 transition), which are predicted targets of miR-201 and miR-375, respectively. However, both of these miRNAs were upregulated during the respective testicular maturation periods. One reason for the observed lack of inverse relationship (where changes in expression levels of both miRNAs and their respective predicted targets are in the same direction) in our data set between some miRNAs and their predicted mRNA targets could be because of their location in two different cells in the testis. It is also possible that some miRNAs cause upregulation of target translation [52] . We also had situations like that of Acrv1, which exhibited a 44-fold elevation in expression during the P16 to P24 transition but could not be associated with any miRNA in the clusters obtained herein. This could be due to the operation of other regulatory mechanisms of gene expression in differentiating germ cells.
Because we used the whole testis for the miRNA and mRNA profiling reported in this study, cell-type-dependent gene expression regulation as a function of the progression of the first wave of spermatogenesis was obviously not the expected outcome. However, the separation of different types of testicular cells, profiling their miRNA and mRNA content and integrating the expression patterns into cell-type-specific miRNA-mRNA networks, would enable a better resolution of such networks operating in individual types of progressively differentiating cells. While cell-specific profiling of gene expression regulation has its own relevance, a global profiling of such events at the tissue level is equally significant when studying a complex process resulting from the interactions of various cell types constituting a tissue. Spermatogenesis is not an event of some isolated type or group of cells in the testis, and it engages many different types of cells, both somatic and germline. Thus, a whole-tissue analysis accounts for the sum total of changes taking place in the testis at multiple locations and contributing to spermatogenic progression. The synchronous pattern of cell divisions during the first wave of spermatogenesis in mice has been widely used to study the activities of small RNAs, including miRNAs and piRNAs, as well as differential gene expression in general. Margolin et al. [53] profiled the mRNA expression pattern in whole testes of mouse at multiple time points spanning the first wave of spermatogenesis by mRNA sequencing technology and performed in silico deconvulation of the temporal expression pattern into a cell-type-specific profile, which provided a comprehensive analysis of the waves of gene expression underlying spermatogenesis with fine resolution. Our study is unique in that it focused on creating miRNA-mRNA networks that could be underlying the transition stages (i.e., from P8 to P16, P16 to P24, and the much broader P8 to P24 periods of mouse spermatogenesis). A comparison of the genes constituting the different clusters representing the premeiotic, meiotic, and postmeiotic stages of spermatogenesis in the analyses by Margolin et al. with those from our P8, P16, and P24 time points, respectively, signified the presence of several common genes with similar expression patterns (e.g., Dmc1, Mnd1, Prdm9, and Spata22) in both of these data sets. However, because we have extracted only those mRNAs from our mRNA array data that are the direct predicted targets of the differentially expressed miRNAs, only a few of the common genes (e.g., Stra8, Strbp, and Spag6) showed up in the P8 to P16 network drawn herein. Another whole-tissue-based study was done by Li et al. [54] , who sequenced the piwi-interacting RNAs (piRNAs), another distinct group of small RNAs that abound in the murine testis, from six developmental stages of the first wave of spermatogenesis to define the piRNAproducing transcripts during spermatogenic progression in mouse testis, specifically at the onset of and during meiotic divisions. Furthermore, they showed that A-MYB (MYBL1) rather than B-MYB (MYBL2) was the transcription factor responsible for the production of pachytene piRNA transcripts in mouse testis [54] . Although the previously reported expression patterns of these mRNAs are supported by our transcriptome array data, these mRNAs lie outside the miRNAmRNA networks created in this study. Thus, the networks generated herein using the total testicular tissue illustrate the miRNA-dependent mechanisms and corroborate the existence of other regulatory mechanisms that are linked with differential gene expression during spermatogenesis [55] .
Although the networks derived in the present study were based on real data sets of differentially displayed miRNA and mRNAs in maturing testis, the prediction algorithm used would necessitate validation of the relationships shown in the network. Notwithstanding this limitation, integration of two experimentally derived data sets using robust target prediction by a combination of prediction algorithms has provided a global insight into the probable miRNA-dependent gene expression regulation in spermatogenesis.
Thus, this study reports for the first time to our knowledge the significant miRNA-mRNA networks derived by global profiling and integration of miRNA-level and mRNA-level changes in mouse testis through the first wave of spermatogenesis, which enabled the visualization of the molecular interactions underlying the process of male germ cell differentiation. These miRNA-mRNA networks might act as a working model for further assays to ascertain the miRNA molecules that could be critical for regulating gene expression controlling spermatogenesis. Germ cell miRNAs, among other small noncoding RNAs, have been proposed to mediate heritability of altered behavioral and metabolic traits acquired by individuals exposed to stressful environmental elements early in their life [56] . Additional studies involving manipulation of individual or a combination of miRNAs validating its effect on the targets in the network and its ultimate effect on spermatogenesis and subsequent consequences on downstream processes, including fertilization and further developmental stages, would be very complex but challenging toward revealing the most decisive miRNA-dependent gene expression regulation pathways in mammalian spermatogenesis.
